 A hybrid system was developed by combining 3 treatment methods.  The system was successful in nutrient and organic removal without using any chemical additives.  Internal recycling ratios affected biomass growth and system performance.  Biomass production and sludge yield under different runs was determined.  The highest removal efficiency was achieved at the internal recycling ratio of 400%.
Introduction
In recent years, biological wastewater treatment technologies using membranes (MBR) combined with biofilm support media have received special attention from many scientists worldwide. This is evident from the increased number of scientific research papers addressing this topic. Together with ongoing research, these technologies are increasingly being developed and widely applied in wastewater treatment systems in many countries, because they offer economic and technical advantages over conventional technology that is becoming obsolete (Cresson et al., 2006 , Jou and Huang, 2003 , Jurecska et al., 2013 , Leiknes et al., 2006 , Li et al., 2013 , Martin and Nerenberg, 2012 and Tarjányi-Szikora et al., 2013 , including the chemical treatment processes (Fan et al., 2009 ). This information indicates that, despite showing immense potential for its application in the present and future, the problem of excessive sludge generation persists. The optimal parameters/values in the application of membrane technology are still limited, especially by biomass, or sludge generation, which remains an unwanted technological byproduct of these systems. Consequently, more effective methods of biomass management must be optimized through ongoing research.
The disposal of excess/residual sludge biomass from waste water treatment plants (WWTPs) is a matter of major concern (Kabir et al., 2011 , Low and Chase, 1999 and Semblante et al., 2014 and a very practical question, because it directly affects investment costs of sludge treatment processes such as sludge digester, sludge dewatering, etc. Several effective technologies currently minimize excess sludge production, namely: ultra-sonication (Khanal et al., 2007 and Pilli et al., 2011) , thermal treatment (Razmjoo and Sefidari, 2011) , chemical treatment (Liu, 2003) , etc. Alternative uses for excess sludge from municipal WWTPs have also proved to be beneficial in reuse, such as fertilizer in agriculture, and improving fertility of barren/infertile soils. However, that potential has inherent risks because many sources contain heavy metals, organic chemicals, viruses, etc. (Clarke and Smith, 2011 and Harrison et al., 2006) . In addition, people's need for clean water is continually increasing, and effluent wastewater quality requirements have become increasingly more stringent as a result. This also causes an increase in sludge waste (Low and Chase, 1999) . Therefore, to reduce biomass produced from the WWTPs, designers and engineers should deploy a uniform solution from management, applied technology, and environmental engineering for real-world solutions. Implementing informed guidelines based on enlightened government policies is essential for successful wastewater sludge mitigation and treatment in the future. Thus, a solution is needed to reduce excess sludge production at the first source rather than seeking the technologies to mitigate it after the generation of unwanted by-products (Wang et al., 2009 ).
This investigation seeks to offer a better interpretation and evaluation of biomass production, sludge yield, observed yield, and the correlation between them, in a system that has been regarded as effective and flexible. Better understanding of such features of the process could also provide valuable information for optimizing the versatility and measurement conditions in sludge treatment unit designs, installation and operation.
In this paper, instead of proposing a uniform solution, we develop a method of managing an integrated approach for handling excess sludge. This approach was effective in handling simultaneous nutrient and organic matter. We further evaluated the influence of the internal recycle ratios in reducing excess sludge production, subsequently minimizing sludge yield, and also their effects on overall process performance. In addition, methods of predicting and estimating the amount of sludge produced every day are based on the newly determined internal recycle ratios. This allows reliable performance to be achieved, and hopefully more widespread application of the methods described herein.
Methods

Influent wastewater characteristics/components of influent wastewater
The wastewater quality data of the pilot plant influent was collected from the collection sump of a municipal wastewater treatment plant (WWTP) of 110,000 m 3 /day, with characteristics within the range (average) of 175-460 (281.90) Influent wastewater pH, Alkalinity (Alk.), and Coliform bacteria varied in a range of 7.0-8.0, 90-220, 1.5E + 6-2.0E + 7, respectively, during the study period.
Pilot plant and description
A general process flow schematic of the hybrid treatment system is provided in Fig. 1 . The pilot plant apparatus and experiments for municipal wastewater treatment were conducted using a high density polyethylene (HDPE) paneling, polyethylene sheet lining, and then installed in a WWTP in Y City, South Korea. It combined an innovative equalization tank which integrates anoxic/anaerobic conditions using fiber polypropylene carriers in one reactor, and an aerobic membrane bioreactor (MBR), along with a submerged flat sheet membrane for solid-liquid separation. The experimental pilot plant system had a capacity of approximately 53 m 3 /day (Fig. 1) . The size and working volume of each compartment are shown in Table 1 . Raw wastewater from the municipal WWTP was successively pumped alternately by two automatic centrifugal pumps and passed through a fine screen (FS), with 5 mm openings, to the equalization tank (EQ). In the equalization tank, the concentration and flow of wastewater was balanced prior to the wastewater entering the anaerobic/anoxic tank (RHMBR) to initiate the denitrification process and alkalinity recovery. From there, a gravity assisted flow channeled the effluent to the membrane bioreactor (MBR) under aerobic conditions with high biomass concentration for carbonaceous removal and nitrification, before being pumped alternately through two automatic centrifugal suction pumps (P3, P4) into the environment. Additionally, an EQ and RHMBR equipped with agitators were provided in order to complete mixing the contents of biomass and pollutants. The RHMBR has a moving biofilm carrier serving as fiber polypropylene media.
Two automatic centrifugal suction pumps (P5, P6) were employed to maintain the internal recycle flows from the MBR to the EQ to prevent shock loading, carry out denitrification, reduce oxygen concentration in the internal recycle, partially remove phosphorus, and decomposition of excess sludge, and maintain the biomass concentration in the RHMBR. The internal recycle flows were adjusted based on amounts of activated sludge at rates ranging from 100 percent to 400 percent of the average daily flow, as well as the required discharging daily access biomass sludge amounts of 0.12-0.19 m 3 /day in order to keep the MLSS as it was originally designed.
The microfiltration membrane used in this study was a submersible flat sheet membrane, with a total surface area of 120 m 2 , and average pore size of 0.25 μm (Yuasa Corporation, South Korea). Two automatic air blowers (Hwang Hae Electric Co., Ltd., South Korea) continuously injected compressed air into a coarse bubble diffuser located at the bottom of the MBR to maintain adequate DO, and to scrub the membrane surface to minimized membrane fouling. All the equipment, machinery and the system's operating mode were each set up in 2 modes of action, i.e. manual operation and automatic operation.
Operating conditions
The new hybrid treatment system was operated under real-world conditions. The detailed operating conditions of the system experiment were conducted using identical operating conditions described in another recent study (Nguyen et al., 2014b) , and a few typical parameters are given in Table 2 . SADm: Specific aeration demand per unit membrane area. SADp: Specific aeration demand per unit permeate flux. Aver. ± STD: Average ± Standard deviation.
Analytical methods
For a comprehensive approach to evaluating the stability of the hybrid system during operation, both typical parameters and sampling protocols were followed, with supervisory control and analysis oversight. The samples were collected at the influent, effluent (permeate stream) and at each reactor, with a sampling frequency of two to three times per week, in order to measure the following: biological oxygen demand (BOD 5 ), chemical oxygen demand (COD Cr ), total coliform bacteria, mixed liquor suspended solids (MLSS), total suspended solids (TSS), mixed liquor volatile suspended solids (MLVSS), alkalinity, total nitrogen (T-N), ammonia nitrogen (NH 4 + -N), total phosphorus (T-P), and coliforms. All samples were processed following the protocols/standard methods for the sampling, preservation, storage and analysis as described in detail elsewhere (Nguyen et al., 2014b) .
The daily biomass production, Px ,bio (kg VSS/day); net waste activated sludge produced,PX ,VSS (kg VSS/day); solids production, P X,TSS (kg TSS/day); and observed growth yield based on TSS and VSS, Y obs (kg VSS/kg COD Cr or kg TSS/kg COD Cr ) was computed/calculated based on the data derived from the sample analysis (Metcalf et al., 2004) .
Influent and effluent samples were regularly screened for coliforms and their numbers determined. The DO concentration, pH values, oxidation reduction potentials (ORPs), and temperature were determined online using XL60 (Thermo Fisher Scientific Inc., US) and YSI 550A (YSI Environmental, US), respectively.
Results and discussion
Overall system performance
A new hybrid RHMBR and MBR system using polypropylene fiber media and a submerged plate membrane bioreactor, performed excellently in removing COD, NH 4 + -N, T-N and T-P, under different operating conditions, i.e. under different internal recycling ratios (Fig. 2) . The high removal efficiencies were comparable to those reported in other studies using more complex reactors and processes, and/or more expensive bio-film media. It suggests that this system not only has a high removal efficiency, but also is much more cost-effective (Nguyen et al., 2014a ) than previously explored systems. Fig. 2 . Overall performance of the hybrid system at different internal recycling ratios.
As observed from the data, the internal recycling ratio significantly influenced the efficiency in removing nitrogen with an increase in the internal recycle ratio (R), thereby substantially improving the nitrogen removal efficiency.
T-N concentration in the final effluent mainly took the form of NO 3 − -N due to the system design specification, and NO 3 − -N concentration in effluent was dependent on the internal recycle ratio (R). Specifically, for run 1, run 2, run 3 and run 4, the respective NO 3 − -N effluents were 9.61 ± 1.27 mg/L, 8.18 ± 0.86 mg/L, 5.1 ± 1.33 mg/L and 3.4 ± 0.74 mg/L. Like T-N, it was also found that increasing internal recycling ratio could improve the COD Cr and BOD 5 removal efficiencies, while conversely, the TP removal efficiencies were decreased. Overall, during the entire period of operation, results revealed that the removal efficiencies of T-N, COD Cr and BOD 5 were very high, despite the significant fluctuation in influent flow, and, equally important, results acquired also indicated that run 4 achieved significantly greater T-N, COD Cr and BOD 5 removal rates over other runs (run 1, run 2, and run 3) (Fig. 2) .
However, the hybrid pilot study results proved the system was highly efficient and always maintained a stable level in each run, despite a significant fluctuation in the influent flow qualities. It also fitted well with the predicted values, suggesting it is a useful method for determining the internal recycling ratio for a specific simultaneous nutrient and organic pollutant concentration requirement for effluent. Furthermore, the results show that balancing the energy costs and discharging/effluent water quality requirements of each locality's needs for sight-specific use, can be adjusted through the internal recirculation rate.
In this experimental study, the hybrid pilot system achieved complete nitrification as expressed through the final effluent NH 4 + -N concentrations which were nil. The results demonstrate that the nitrification process in this system occurred completely with all NH 4 + -N converted into nitrate nitrogen (Nguyen et al., 2014b) .
The long-term experimental results of the integrated hybrid pilot system demonstrated how to incorporate enhanced biological contaminants removal, along with significantly diminished membrane fouling at a constant flux, and that specific energy consumption can be effectively reduced (Nguyen et al., 2014a) .
In addition to evaluating the overall performance of the system under different runs and monitoring the removal efficiencies of organic matter and nutrients, the experiment also evaluated the daily biomass production, sludge yield, observed yield and correlations between the biomass growth parameters. These aspects of the experiment are described in more detail below.
Variations of biomass production under different runs
The major component of biomass is organic matter (Metcalf et al., 2004) ; the influent and effluent ratio of BOD 5 /COD Cr was 0.86 ± 0.096 and 0.09 ± 0.093, respectively, during the entire period of the experiment. These indicated that the major component in wastewater is mostly organic matter. Consequently, the representative parameter to evaluate biomass production in the reactors was expressed through volatile suspended solid (VSS).
For evaluation and determination of daily biomass production, Px ,bio , in a hybrid system under different operating conditions, the amount present is determined on the basis of balance cell growth and decay. The following equations, Eqs. (1) and (2), (Metcalf et al., 2004) , are used in conjunction with information presented in Table 3. where P x,bio : rate of biomass production as VSS wasted, ( On the basis of the variables, the parameters were analyzed and other information is presented in Table 3 . The variations in daily biomass production during the entire operational period of 475 days are plotted in Fig. 3a . In order to quantify the significance of these results the average biomass production in each run was also calculated, as illustrated in Fig. 3b . They show the average of biomass production and standard deviation for the hybrid system during runs 1, 2, 3 and 4. They amounted to 2.91 ± 0.31 kg VSS/day, 2.78 ± 0.44 kg VSS/day, 2.19 ± 0.33 kg VSS/day, and 2.22 ± 0.32 kg VSS/day, respectively. Meanwhile, the excess sludge production discharged daily from the MBR tank ranged from 120 to 180 L, in order to ensure a moderate level of biomass concentration in the RHMBR and MBR. These values ranged between 3.33 and 6.949 g MLVSS/L (4.155 to 7.810 g MLSS/L) and between 3.33 and 6.949 g MLVSS/L (4.565 to 8.690 g MLSS/L), respectively. Fig. 3 . Variation of biomass production (a) and the average, with standard deviation, in each run period (b).
As results illustrated in Fig. 3 reveal, in order to achieve the minimum and maximum biomass production, the system should be operated in run 3 and run 1, respectively, on the basis of changes in internal recycling flow rates. Therefore, the hybrid system can minimize and reduce the sludge production in a run 3.
As the results presented in Fig. 3b indicate, the increasing recycling ratio tends to reduce the sludge production, and achieve optimal peak value of sludge production in run 3, when reversals exhibited a slight upward trend during the experimental period of run 4. Hence, less or more internal recycle flow will affect the optimal sludge production of the system. Overall, the experiment as designed, consisting of four runs, confirmed the influence of the internal recycling ratio on the biomass production of the process.
Variations of sludge yield under different runs
Basically, excess sludge yield is an important economic factor because it needs to be treated before being discharged into the environment, or used for specific purposes. Its treatment may account for a large percentage of the system's total operating costs (Wang et al., 2009) .
In this study, the daily sludge and solids production, calculated using the database, was analyzed according to the following equations (Metcalf et al., 2004) :
where PX ,VSS : net waste activated sludge produced each day, (kg VSS/day); PX ,TSS : solids production in terms of TSS, (kg TSS/day); nbVSS: non-biodegradable VSS in the influent wastewater, (g/m 3 ); NOx: concentration of NH 4 -N in the influent flow that is nitrified, (mg/L); and other terms as defined above.
The production of sludge through biodegradation in an MBR can, in principle, be reduced to zero by controlling sludge retention time (SRT). The change in SRT has by far the greatest impact on sludge production (Judd Simon and Claire, 2011) . However, increased sludge retention time affected the quality of treated wastewater, namely T-P. Fig. 4 were normalized by the total amount of COD Cr entering the hybrid system each day. Results presented in Figs. 4b and d show the average sludge yield based on VSS and TSS were estimated; these are summarized in Table 4 . It is evident that sludge yield decreased in the system depending on internal recycling ratios (runs), meaning that the sludge yield in the reactor decreased as the internal recycling ratio increased. This achieved a maximum and minimum value at a first run and last run, corresponding to a sludge yield of 9.52 kg TSS/day and 7.05 kg TSS/day, respectively. However, on the basis of results presented in Fig. 4 , and characteristics of the influent wastewater and mixed liquor data, it is possible to estimate a biomass yield based on VSS or TSS in the system during changed COD Cr loading rates. Thus, this research demonstrated that the hybrid system can indeed perform the dual purpose of sludge reduction and improve the quality of treated wastewater including the removals of nutrient, organic and SS (Nguyen et al., 2014a , Nguyen et al., 2014b and Phan et al., 2014 . The average values and standard deviation are shown in parentheses.
Variations of observed sludge yield under different runs
The indicated observed biomass yield is based on the actual measurements of biomass production and substrate consumption (Metcalf et al., 2004) .
The observed yield, Y obs is based on the amount of solids production measured relative to the substrate removal, and is calculated in terms of g TSS/g COD or g BOD, or relative to VSS as g VSS/g COD or g BOD. It decreases as the sludge retention time (SRT) increases due to biomass loss caused by more endogenous respiration (Metcalf et al., 2004) .
The observed yield, Y obs , of the hybrid system under different run conditions, was calculated based on the previous date of: first, activated sludge produced (P X,VSS ); and second, solids production (P X,TSS ). This was according to the following equation (Metcalf et al., 2004) :
where Y obs : g VSS/g substrate removed; Xo,i: nbVSS concentration in influent, (g/m 3 );fd: fraction of biomass that remains as cell debris, (g VSS/g VSS); kd: endogenous decay coefficient, (g VSS/g VSS day); and other terms as defined above.
Experiment results revealed that increases in the following -organic loading rate, range of 0.46-0.95 kg COD Cr /m 3 day, and observed yield of Y obs -tended to diminish progressively. The influence of organic loading rate became evident in runs 2, 3 and particularly in run 4.
On the other hand, these results strongly indicate that increasing the internal circulation rate greatly influenced the declining observed yield trend. It means that the sludge yield cannot be degraded by simple aerobic digestion alone. Therefore, coupling of aerobic conditions and anaerobic/anoxic conditions in one system may not only provide the best conditions for nutrient removal (Lai et al., 2011 , Nguyen et al., 2014a and Nguyen et al., 2014b , but also minimize excess sludge generation and optimize the hybrid system's operational performance.
According to Eq. (5), the average observed sludge yield data, with standard deviation under different runs, was plotted against the operating time data for the hybrid system's observed sludge yield as shown in Fig. 5 . The range and average observed sludge based on VSS and TSS in the hybrid system during runs 1, 2, 3 and 4 are listed in Table 5 . It also shows the variation of observed yield during operation inserted in Fig. 5a and c. This indicates that a much lower sludge yield in run 4 resulted from further degradation of organic materials that could be degraded via internal circulation flow to the RHMBR in anoxic/anaerobic conditions. Furthermore the observed biomass yield is usually less than the synthesis yield, because a portion of the substrate enters the cell mass to synthesize energy, in order to maintain growth and create new cells (Metcalf et al., 2004) . The average values and standard deviation are shown in parentheses.
